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级结构的 TiO2 纳米管阵列：(1) 表面高度粗糙化的锐钛矿型 TiO2 纳米管阵
列结构，即 TiO2 纳米管阵列表面密集大量锐钛矿型 TiO2 纳米颗粒，从而显
著提高 TiO2 纳米管阵列的表面积；(2) 在完美结构 TiO2 纳米管表面形成锐钛
矿 TiO2/金红石 TiO2 和纳米管/纳米棒双重异构异质结构，不仅提高了 TiO2
纳米管阵列的表面积，还明显增强了载流子的分离能力和电子传输速率。由
此组装成 DSSC 器件，前者将 DSSC 的电池效率(PCE)由传统纳米管的 4.34%
提高到 7.12%，后者的 PCE 提高到 7.24%，取得目前报道的背面光照模式下

























的 DSSC 的 PCE 由一维金红石纳米棒的 3.03%提高到 4.07%；金红石微米球
的 PCE 为 5.25%；锐钛矿纳米球的 PCE 达到 8.50%，是商用 TiO2 (6.64%)的
1.3 倍。 
3. 通过特定的溶剂热反应，成功合成了四种对电极材料：Cu2S 微米球、还原氧
化石墨烯(RGO)-Cu2S 复合物、直立生长在透明导电玻璃表面的 CuS 和 Cu1.8S
纳米片阵列。(1) 相比于传统 Pt 对电极，Cu2S 微米球对多硫电解液的还原反
应具有较强的电催化活性，而 RGO 纳米片薄膜在 Cu2S 微米球表面的缠绕包
裹在改变 Cu2S 微米球形貌的同时也增强了其电催化活性，在 QDSSC 器件中，
Cu2S 微米球将 QDSSC 的 PCE 由 Pt 的 2.14%提升到 3.39%，RGO-Cu2S 复合
物的 PCE 进一步提升到 3.85%。(2) 在透明导电玻璃表面原位生长直立 CuS
和 Cu1.8S 纳米片阵列既简化了对电极的制作步骤，也提高了膜层和基底的结
合力，作为 QDSSC 对电极材料，分别获得 3.95%和 3.30%的 PCE 值。 
4. 发展了一种制备钙钛矿结构纳米材料的普适方法。以原位生长在导电基底表
面的花状 ZnO 膜作为模板，经过化学浴反应和水热转化，获得多种新颖的分




























One of the most serious challenges for human society and civilization is the 
development of powerful technologies to supply renewable solar energy to satisfy 
ever growing energy demands. Semiconductor TiO2 nanomaterials are considered as 
one of the most promising photovoltaic materials mainly due to their appropriate 
electronic band structure, photo/thermal stability, chemical inertness and commercial 
availability. Recently, numerous researches are focused on the rational design and 
fabrication of TiO2 nanomaterials with high quality for the effective photovoltaic 
devices. In this dissertation, a series of nanostructured TiO2 with unique features and 
attractive properties have been obtained via different synthetic routes. The 
relationship between structures and photovoltaic performance of such nanostructured 
TiO2 in dye-sensitized solar cells (DSSCs) are further investigated as well. In addition, 
several types of copper sulfide materials have also been exploited and then employed 
as the counter electrodes instead of the conventional Pt counter electrode in quantum 
dot-sensitized solar cells (QDSSC). Meanwhile, a general strategy has been developed 
to prepare several perovskite materials with novel superstructures on the basis of the 
hierarchical ZnO and TiO2 templates. The corresponding photocatalytic activity of 
such perovskite materials has also been investigated. The main novelty and 
achievements of this dissertation are outlined as follows: 
1. Two kinds of hierarchical TiO2 nanotube arrays (i.e., one composed of a large 
number of anatase nanoparticles on the nanotube surface; another composed of an 
underlayer of highly ordered anatase TiO2 nanotubes with small anatase and rutile 
nanocrystals emerged on the tube walls and a top layer of flower-like structures 
containing short rutile TiO2 nanorods) have been constructed, for the first time, 
via subjecting vertically oriented TiO2 nanotube arrays fabricated by 
electrochemical anodization and different hydrothermal treatment. Remarkably, in 
sharp contrast to the DSSCs prepared by using pure anatase TiO2 nanotubes as 
photoanodes, the devices produced by capitalizing on such two kinds of 
hierarchically structured nanotubes showed significantly enhanced power 
















because of the increased surface area and charge transport rate for such unique 
structures. 
2. Three types of hierarchical structures have been produced by robust, facile 
synthetic routes: (1) Complex yet appealing rutile flower-like TiO2 clusters were 
directly hydrothermally grown on a transparent conducting substrate. The 
thickness, density and features of the as-grown flower-like clusters could be 
readily tuned by tailoring growth parameters in the hydrothermal process. A 
growth mechanism was proposed to elucidate the formation of such flower-like 
clusters. (2) Hierarchical structured rutile TiO2 microsphere films were 
successfully developed on the transparent conducting substrates via a simple, 
one-pot chemical bath route at low temperature (~85 °C). (3) Hierarchical anatase 
TiO2 nanospheres were successfully derived from Ti foils via a fast, template-free, 
and low-temperature (~80 °C) hydrothermal process followed by a calcination 
post-treatment. Such hierarchical architectures congregated the advantages of 
large surface area from massive building blocks and effective light scattering and 
trapping effects from 3D hierarchical microstructures, hence, exhibited 
remarkably high cell efficiencies of 4.07% for rutile flower-like clusters, 5.25% 
for rutile microspheres and 8.50% for anatase nanospheres, respectively, when 
exploited as the photoanodes of DSSCs. 
3. Four kinds of counter electrode materials (i.e., Cu2S microspheres, reduced 
graphene oxide (RGO)-Cu2S composites, vertical CuS and Cu1.8S nanosheet films 
grown on transparent conducting substrates) have been obtained via special 
hydrothermal routes. (1) Compared to conventional Pt counter electrode, Cu2S 
microspheres exhibited superior electrocatalytic activity for the reduction of 
polysulfide electrolyte, while the wrapping of RGO around the surface of Cu2S 
microspheres not only changed the feature of Cu2S microspheres, but also 
enhanced their electrocatalytic activity, and thus yielded an improved efficiency 
up to 3.85% (Pt: 2.14%; Cu2S microspheres: 3.39%) of the resulting QDSSC 
devices. (2) The direct growth of vertical CuS and Cu1.8S nanosheet films on 
transparent conducting substrates, on the one hand, simplified the preparation 
procedures of the counter electrodes; on the other hand, enhanced the adhesion 
between films and substrates. The device efficiencies of QDSSCs based on these 
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